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ABSTRACT 


Since  late  19t i),  a  technique  based  on  time  domain  rcflcci^otueti.v  v.iB*v 
to  measure  the  fast  switching  and  shunting  capability  of  EXP  protective 
devices  has  been  used.  This  technique  allows  the  devices  to  be  character! r.ed 
In  their  actual  working  condition — inser.cd  in  the  cable  line --without  the 
perturbing  Influence  of  voltage  and  current  pro'oes. 

This  report  starts  with  the  basic  line  theory  and  develops  on  under¬ 
standing  of  the  effect  of  shunt  devices  and  the  measurement  of  such,  effects 
using  TDR.  ‘ibis  sccttou  is  fairly  lengthy;  however,  a  good  background  is 
essential  for  the  understanding  oi'  measurements  made  with  this  teelmique . 

In  additi  ,-n  t.o  the  measui'emcni,  tecimique  itself,  a  special  pulse 
generator  was  developed  to  provide  the  necessary  pulse  into  50 U  lines.  Ihis 
pulse  source  in  described  along  with  the  basic  measurement  procedure. 

Specific  trehniques  ur.u  data  arc  shown  !or  a  variety  of  shunt-  protective 
devices . 
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::i_nee  late  lj&),  o.  technique  boned  on  time  domain  reiT ‘“ctewsdry  (TUB)  to  memeure 
the  fast  switching  mid  shunting  capability  of  fJ4P  proi-ective  devices  ha*  bean  used. 

'ill in  tecluiique  allows  th<-  devices  to  be  diamcterltsid  la  their  actual  voriing  condltlc* 
Inserted  In  the  cable  Hue — without  the  perturbing  influence  of  voltage  mad  current 
pr  bes . 

Hits  re|jrrt  starts  vlth  the  basic  line  theory  and  deveiopo  an  understanding  of  th 
effect  of  sh:;.at  devices  oiti  the  svaxiur-ecsent  o;'  such  effects  using  TON.  'Tills  section  la 
fairly  lecgliiy;  however,  =  good  bacKgrouwi  io  eusentlal  for  the  understanding  of 
measurements  itz.de  with  thin  technique. 

In  addition  t.o  the  ue.'uiurvsseut  trenyique  itself,  n.  special  pulse  generator  wan 
developed  to  provJde  toe  necessary  pulse  iuta  bC  ..  lines,  'fliln  pulae  source  Is 
described  along  with  the  basic  aeannreaeat  procedure.  .Ipeclflr  techniques  end  data 
eu  <-•  shown  for  u  variety  of  shunt  protective  devices. 
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1 .  INTRODUCTION 


CHARACTER KVAT I CN  OK  EMI  TSi'YI'KOTION  DEV  ICR'.j 


Nuclear  weapon  detonations  can  elect- rl c  iui‘1  magnetic  pulse 

(ErtP)  fields  capable  of  disabling,  military  electronic  equipeiente .  Military 
communication -electronic  systems  ore  particularly  vulnerable  to  pulse  energy 
coupled  into  antennas  and  Input  cables,  '’tie  protection  o’  thece  systems 
against  the  EMP  may  be  accomplished  uy  uac  o;  devices  vhi.cn  ohvmt  tills  jxilse 
energy  avay  from  the  sensitive  paias  of  the  system. 

Because  or  the  hi gh  voltage  and  the  fast  rise  time  nature  of  the  pulses 
being  dealt  with,  the  standard  data  ps-ovided  by  muni fasti; rv rn  give  II*.  fit 
Indication  of  just  how  well  a  device  will  shunt  the  pulse  energy,  Contrib¬ 
uting  to  the  actual  device  response  is  the  added  impedar.ee  of  the  package 
and  leads,  all  wry  important  at  these  pui.se  1  requencies •  dir:  .e  _r*“ 
a  technique  based  on  time  domain  jv  flee  tome  try  (TDR;  to  measure  tr-  fu.v  l 
switching  ana  shunt. ing  capability  of  a  varje:  >  of  potential  protective 
devices  has  been  used.  Samples  of  spar.*,  gaps .  four -layer  diodes,  oil  icon 
controlled  rectifiers  (OCR),  neon  bulls,  and  toner  diodes  were  measured  and 
the  resulting  data  analysed- 

The  charueto:  is  ties  of  tuc  high  voltiig-  an-.;  fast  rite  time  nuise  vej\- 
such  that  there  was  no  generator  aval  La  tie  for  beach  top  testing;.  Ihls 
requirement  led  to  the  development  of  a  pulse  generator  to  provide  the 


In  order  to  fully  understand  this  measurement  technique  and  the  resulting 
data,  a  little  background  in  l^ne  theory  and  pulse  response  Is  Included  in 
this  report  along  with  sample  results  shoving  its  application. 

2.  THEORY 


In  this  section  and  in  the  Gcvcral  appendices  to  the  report,  the  back¬ 
ground  theory  of  'TDR  ’echuiques  as  applied  to  pulse  measurements  is  developed. 
Special  ea3es  are  examined  as  they  apply  to  overall  understanding.  Table  I 
is  a  glossary  of  the  symbols  used  throughout  the  report  and  is  provided 
because  the  selection  of  subscripts  is  not  s fandoruioed  In  the  current 
literature. 

Vor  the  case  under  consideration,  that  of  Ghunt  type  devices,  line  theory 
gives  the  relation  between  the  voltage  transmitted,  F/p.  and  the  voi  t/u;p 
reflected,  Ej^,  in  terms  of  the  line  character!  sties  lor  a  given  input 
'voltage,  Eps*  Line  charucterisoics  include  characteristic  impedance,  1^ , 
and  termination. 


oXMBOL 


TAlibK  J.  ^KFINITlUW  OF  SYMBOLS 
DEFINITION 

Voltage  lu 
Voltage  Reflected. 

Voltage  Transmitted 
Voltage  Across  Load 
l'ow<;r  lu  on  Line 
Rave r  Re fleeted 
Power  tu  Load 

Fo-v-r  to  ;>  vice 
Power  Transmit  Led  Down  Line 
duo  ai:  ut.-rie  Lie  luipeuuuce 
Impedance  of  Shunt  Device 
Impedance  of  Total  load 
Ctiaracterictic  Admittance 
Admittance  of  Load 

Admittance  oi'  Network  to  be  Protected 

Admittance  of  Device 

Ref lec t ion  Coe f f icient 

Tr.msndsG  ton  Coe f f icient 

Fourier  transform  (frequency  domain) 


■  |i  +  i  ;«)l  £^(3)  *  m(u )  £^(3) 


and 

£-^(a)  a  p  (s)  £ ( * ) 

where 


p  (*<) 


Zjo)  -  Zc 

vjvr 


+  : 


and 

M(h )  =  1  +.>  (a) 

Ihe  lapedances  arc  complex,  and  the  voltages  are  transformed  Into  the 
6 -domain. 


and 


parre b ponding  power 

r  +  r  Er" 

■  J'R  +  lL  *  ~  « 
/Jo 

(  p  \l 

,  c  t  j  a  > 

relationship 

£r! 

ZI. 

/  s2  S 

(1  +  ,-■  )  Ejp 

~  Zo 

r? 

-T, 

O 

O 

-  p 

(1 

+pT 

"0 

’  ¥ 

~r 

^0 

P  =  L  '  P 

IN 

P  rr  C,  _ 

I,  vt 

^  *IN 

aUi 

•7 

“O 


The  power  delivered  to  the  load,  P^,,  is  a  combination  of  the  power 
delivered  to  the  shunt-  device.  Pq,  and  the  power  transmitted  past  the 
protective  device,  Py- 


'iratlarly ,  the  admittance 


o  Cut.  ir.j.ntvU 


'L  =  *D  +  *T 


PE. 


1  itr: 

I _ til  J 


.5 


From  this  very  basic  introduction,  examination  of  specific  characteristics 
of  a  shunt  protective  device  can  begin.  It  ie  assumed  that  such  a  device, 
although  non -linear,  has  tvo  unique  stateB  and  can,  thua,  be  represented  by 
tvo  specific  impedances .  ate  switching  transients  associated  with  the 
transfer  between  these  tvo  states  are  considered  insignificant  when  compared 
to  the  transient"  ■•"^reduced  by  the  forcing  function.  La  gaaeral,  when  such 
a  device  la  in  its  shunt  mode,  it  appears  as  a  small  resistor  and  series 
inductor  across  the  transmission  line,  so  that 

Zl  *  »L  +  i  XL 


*L  - 


If  it  is  assumed  that,  while  conducting,  <<  f^,  then  p  v  -1  nod 


o  2  P, 


which 


indicates  test  almost  all  of  the  injxit  power  ie  reflected  bach  from  the 
protective  device. 

In  order  to  determine  approximate  values  of  the  power  absorbed  and  that 
reflected  from  the  protective  device,  let  us  assume  that  the  line  is 
terminated  by  the  device  and  that  P^  =0.  Bueii 

pl  =  po  *  (1  "  p  "  >  Pm 

«  0-  +  p)  (1  -  p ) 


M  =*  1  + 


but  >>  RL  ,  and  M 


=  M  (1  -  p  ) 

,  _  i«L_ 

*L  +  *L  +  *o 

Li 

Ro 


.  * . - .  . . . .  **•  <ri"V*!;:!*r  ^  • "' 


(l-p).x.  =  Lik 


»L  ’  «o  RL  -  »0 
again,  R0  R^,  so  that  (l  -  p  )  t  2.  Therefore, 


t  2 


t  ii.  j  pm  -  * 


Ro 


IN 


Similarly , 


-  (1  *  )  * 


IN 


If  no  protection  device  were  present,  the  preceding  formulation  could 
represent  the  power  uoeorbed  and  -"fleeted  from  a  termination  device  such 
as  a  forward  biased  transistor  or  diode. 

Examination  of  further  types  of  terminations  will  provide  a  better 
understanding  of  effects  on  unprotected  devices  and  circuits-  In  the 
following  section  there  is  no  protection  device,  i.e.,  Yp  =  0. 

a.  Resist! v  ■  Termination 


In  this  case,  hr  =  R.  ;uid  ideally  the  reflection  coefficient  is  given  by: 


--i 


..  t « \  = 


"XI 


nL  T  ^ 


and  the  transmission  coefficient  is  given  by: 

,  ,  2  R, 

M(s)  = 


*  Zo 

From  the  equation  for  power  delivered  to  a  load, 

Pb  =  ^  '*  PE» 

it  can  easily  be  shown  that  for  a  shorted  line  (fix..  -  0),  ?x  =  0;  for  an  open 
line  (Rx,  =  ■>;),  Pjj  0;  ,uid  for  a  lire  terminated  in  its  characteristic 
Impedance  (fix,  dj),  ?L  =  RUf* 

b.  React! 


In  this  case,  the  transmitted  and  reflected  vola,/it-.f  will  be  displaced 
in  time  fiom  the  input  voltage.  The  best  viy  to  demon strata  this  16  by 
considering,  an  inductor  shunting,  not  ter, a1  rating,  an  ideal  transmission 
line,  and  using  an  input  step  voltage: 

Lii,  f-i  -  ^  »  M 


6 


and  Its  Laplace  transform 


This  lo  the  common  method  of  obtaining  the  reflected  and  transmitted  time 
responses.  Laplace  transforms  of  various  source  functions  are  given  in 
Appendix  I  and  the  transforms  of  varlcuB  transmission  line  shunt  elements 
are  given  in  Appendix  II. 
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Hie  experimental  measurement  of  Ejjj(t),  (t),  and.  (t)  by  observing 

the  reflected,  pulse  at  the  ir.put  point  is  confounded  by  normal  line  loss. 

An  imperfect  transmission  line  will  degrade  both  the  amplitude  and  shape  of 
the  pulse.  Calibration  of  the  system  using  known  terminating  conditions  is 
therefore  a  requirement. 

Another  point  of  concern  is  the  effect  of  changing  the  characteristic 
impedance  of  the  transmission  line.  POr  a  device  inserted  in  a  long 
transmission  line. 


and 


'.Therefore, 


r  (e) 

f-.(s) 


If  7.-  >>  ?  then 

\J  LT 


*Yo+  YD 
2  Yo 

2Yo  +  YD 


Eh?  . 


+  Y 


D 

2  Y0 

ih _ . 

r? 

i\> 


1  +  2^ 
2 


*TN 


2m 


Therefore ,  a  larger  Zo  reduces  the  output  voltage  for  the  same  device 
Impedance.  Coe  problem  with  using  higher  characteristic  impedance  trans¬ 
mission  lines  is  that  the  device  insertion  loss  under  dc  conditions  is 
greater  for  the  same  device  impedance.  Consider  the  3  dB  fail -off  point 
for  a  device  behaving  liie  a  capacitor  under  normal  signal  conditions; 


zl)v  *€ 


_ 1_ 

J  w  C 


at  3  dB  fall -Off,  i  ^o  |  %  j  ^  |  = 

2 

If  C  is  llxf'd,  then 

1 


I _ 1_ 

1  J  w  C 


and  It  can  be  seen  that,  as  the  characteristic  impedance  is  increased  to 
increase  the  reflection  coefficient  for  a  large  pulse,  the  adrejatage  may  be 
offaet  by  the  lover  frequency  drop-off  under  normal  signal  conditions. 


Suppose  that  ve  have  a  transmission  line  with  a  shunting  device  which 
appears  as  a  resistor  and  an  inductor  in  series,  and  ve  want  to  know  the 
equivalent  R  and  L  values.  Again, 

ZL  -  Zp  _ 

L 


(s) 


where 


=  R  +  sL 


and 


s  +* 

M(s)  =  2  ( - =-)  where  t  =  ^ 

s  +  i  a  +  «o 


Let  us  assume  a  source  voltage  of  amplitude  A  and  wave  shape  shown  below. 


The  transform  of  this  source  function  is  given  by: 

8  T 


*n<«>  ■  (-*-)(>•-« 


>‘-V> 

S 


The  voltage  passing  the  shunt  is  given  by: 

Kj>  (e)  =  M( 8 )  Ejjj(s) 

rA 


8  +  R 

L 


*  2  ( - f )  (i-)  <4>  I1  -e"’T  > 

6  +  1  T  8 


-ST 


=  2  (§-)  (1  -e 


) 


e  +  2 

_ L 

^  1 

^  »  ± 


LT 


L 

(b  +  "  ) 


i  -i 


Expanding, 


%•(«)  =  (±)  2  (1-e  ) 


-sT 


_  T 


S*  , 


fi 

I 


8+1 
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and  ita  inverse  traits  t  o nn: 


Mc(t)  -  2  (~)  ^  (  T  -  |  ^  )  +  L  Tt  +  T  ^  -  ^  t|  u(t) 

-  [w  “  I  t2'/  U-«"T  )  +  It  (t-T)J  u  (t  -  T)| 

If  we  let  b  *  0,  and  take  the  Holt  of  8&p(s),  we  find  that 

EU  L  «  -  2  A  5 


and;  sauce  t 


R  +  Rq 


and  Ei 


2  E  ( _ 2. _ ) 

a  n  ♦  V 


Solving  for  F, 


Rq  % 

ein-  ^ 


0fau8,  a  measurement  of  Erj-  at  long  timed  allows  calculation  of  R. 

Knowing  the  value  of  R,  the  value  of  L  can  be  obtained  by  further  cal 
culation  as  follows,  since  the  maximum  value  of  1^,  occurs  when  t  ■  T. 


%(max)  *  2  (j")  (t'f  ?)+p  T+T2(B-I)e“ 

r"  s  ~1 

■  2  (A)  Btt+t  (1-2  t  )  (1  -  e  t  )  I 
-  2  A  (_H )  [  1  +  ~  Sa(l  -  e*  t  ) 

R  +  Rp  L  T  R  J 


Assuming  that.  H<<  Kq,  and  that  T»  t  ; 


Iw  "n2  A  1-  -  2  (A.)  k. 

1 ( max /  n  >  T  R 


anl  —  -  is  the  Q.lope  of  t-ae  input  voltage  function. 
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Solving  for  I,:  - 

r  -  ^T(max)  *  _ 

2  (4-) 

This  equation  represents  a  coil  shunting  a  transmission  line,  The  series  L, 
R  combination  is  a  bit  more  difficult,  but  it  may  bo  obtained  from  the 
original  %(fflax)*4uation. 

Alternatively,  L  can  be  determined  by  further  experimental  measurements, 
e.g.,  by'  measuring  the  actual  decay  of  the  pulse,  tbe  time  constant  can  be 
obtained.  (We  define  x  ,  the  circuit  time  constant,  as  tbe  time  between 
the  beginning  of  pulse  decay  and  the  50%  decay  point,  divided  by  0.693* ) 
Then, 


L  (R  +  Hq)  x 

Or,  even  simpler,  substitute  series  combinations  of  R  and  various 
motors  until  the  same  output  and/or  reflected  voltage  is  obtained. 


3.  F.XPERIHENTAL 


a.  Pulse  Generator.  A  pulse  generator  has  been  designed  to  simulate 
an  FXP  induced  pulse  as  it  would  appear  at  the  end  of  a  cable.  Pulse 
characteristics  were  selected  based  on  limited  experimental  evidence  and 
come  assumptions.  The  resulting  prise  should  more  than  adequately  evaluate 
the  usefulness  of  the  various  shunt  type  protective  devices.  Figure  1  shows 
the  :  '  nibbed  puleer  along  witli  its  circuit  diagram  and  typical  output  pulse. 
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Hie  high  voltage  supply  charges  the  0.1  yf  capacitor  through  the  11  M  u 
resistor,  which  determines  the  firing  rate.  The  voltage  on  the  capacitor 
Increases  until  the  first  spark  gap  breaks  dovn.  Then,  the  chain  of  neon 
bulbs  ignite  and  the  second  spark  gap  breaks  down.  The  width  of  the  first 
gap  and  the  charging  voltage  determine  the  breakdown  voltage  and,  therefore, 
the  output  pulse  amplitude.  The  pulse  width  1b  determined  by  the  delay  in 
firing  the  chain  of  neon  bulbs,  and  the  second  gap  produces  the  sharp  fall 
time  of  the  pul6e .  Pulse  rise  time  is  a  function  of  the  first  gap 
characteristic,  circuit  inductance,  and  internal  inductance  of  the  capacitor. 

Characteristics  obtainable  with  this  pulse  include  a  rise  time  less  than 
15  ns  and  pulBe  duration  from  20  to  1000  ns  at  magnitudes  up  to  4000  V  The 
pulser  is  capable  of  supplying  8000  V  for  150  ns  into  a  50  0  line.  The  pulse 
generator  can  be  operated  In  a  single  shot  mode  by  swinging  an  insulator  into 
the  first  gap  after  it  fires,  but  before  It  can  fire  a  second  tin*?.  The 
repetition  rate  can  be  made  very  low  by  varying  the  charging  circuit  tiu** 
constant  and  the  wide:;  of  the  first  gap. 

dince  the  majority  of  protection  devices  under  investigation  are  trigp.ejoxl 
into  the  shunt  moae  at  voltages  below  2000  V,  the  linearity  of  the  initial 
puice  slooe  (PO-D  v/n;s  rr.pcciEium)  is  sufficient  to  measure  rise  time  effects  on 
most,  devices. 

b.  Measurement  "Vchnique.  The  basic  measurement  requires  obse  -vat ion 
of  ooth  the  Injected  pulse  and  the  transmitted  pulse.  A  reflected  pulse  will 
be  seen  at  the  same  point  where  the  injected  pulse  is  observed  but  delayed 
according  to  the  length  of  transmission  line.  A  separate  measurement  of  the 
transmitted  pulse  is  needed  because  of  its  nature  and  magnitude.  Figure  2 
shov3  a  block  diagram  of  this  standard  set  up. 


iuise  Measurement  KLock  Diagram 
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Fid.  2. 


According  to  the  transmission  line  theory  reviewed  in  the  Theory  Section, 
it  be  possible  to  make  all  of  these  measurements  from  one  point  in  the 

line  by  observing  the  injected  pulse  and  its  reflections.  Some  success  has 
been  achieved  using  only  this  one  circuit  connection  as  shown  in  Fig.  3* 


SYSTEM  TEST  OPEN  CIRCUIT  (Cffl) 

POINT 


GR  »  General  Radio 


FIG.  3.  binsle  Point  Measurement  Bloch  Diagram 


The  initial  pulse  and  t)ie  reflected  pulse,  when  observed  at.  the  name  point, 
arc  separated  in  time  by  that  tiiae  period  necessary  for  the  pulse  to  travel 
down  the  line  und  to  return,  ity  adding  a  second  line  coupled  by  a  power  -T, 
open  circuited  for  total  reflection  and  the  same  length  as  that  to  the  system 
test  point,  a  reflection  of  the  initial  pulse  is  developed  at  the  power  -T  at 
the  same  time  as  the  pulse  reflected  from  the  system  test  point.  This  com¬ 
bined  pulse  is  then  observed  os  (1  +  p  or  MVj^,  which  is  the  exact  rnlse 

being  transmitted,  past  the  system  termination  jnto  tin  system  itself.  Thus, 
the  test  circuit  of  Fig.  3  allows  a  simple  measurement  of  the  effectiveness 
of  a  protective  device  in  preventing  pulse  energy  from  reaching  sensitive 
components  within  a  system  without  the  necessity  of  probing  into  the  system. 


-^4 

=3 

-a| 


The  evaluation  of  a  protective  device  is  normally  made  using  the  circuit 
of  Fig.  2.  The  attenuators  alder  the  test  device  arc  to  reduce  amplitude 
for  oscilloscope  recording.  Those  between  the  pulse  generator  and  the  test 
device  are  used  to  vary  the  initial  rate  of  voltage  rise.  Since  most  of 
the  devices  evaluated  operate  or  this  initial  slope,  variation  of  this 
parameter  is  needed  for  full  device  characterisation.  A  typical  set  of  data 
showing  the  voltage  amplitude  and  time  required  to  fire  a  spark  gap  across  a 
loaded  transmission  line  is  shown  in  Fig.  4.  Die  applied  pulses  were, from 
the  loft  side,  8  kV,  4  kV,  2  kV,  and  1  kV. 


V;  1  kV/cm 
h:  10  ns /cm 


Apnlied  pulse  amplitude 
(from  the  left);  8  kV; 
4  kV:  2  hY;  and  1  KV 

FIG.  4.  Voltage  Amplitude  Vs.  Firing  Time  of  Spark  Gap 
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A  protective  device  of  the  shunt  typo  must  be  able  to  shunt  destructive 
pulse  energy  before  the  sensitive  input  devices  of  the  equipment  are  damaged; 
however,  it  must  also  not  degrade  the  normal  operation  of  the  system  ut  lower 
signal  levels.  Ideally,  such  a  device  must  have  aero  insertion  loss  and  must 
switch  to  a  dead  short  in  zero  time  upon  sensing  the  arrival  of  a  large  EMP 
induced  pulse.  Such  devices  are  hard,  to  find,  and  non-ideal  behavior  must  be 
expected.  D  e  search  for  devices  approaching  the  requisite  cLuxuc Leris tj es 
requires  measurement  of  such  things  as  turn-on  time  (how  fast  Is  it?),  shunt 
resistance  (how  good  a  short  does  it  provide?),  recovery  time  (how  soon  can 
the  equipment  resume  normal  functioning?),  and  pont-pulse  characteristics 
(did  the  pulse  damage  the  protective  device?). 
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Efforts  were  made  to  answer  n't  1  of  these  questions  for  several  types  of 
devices — zener  diodes,  four-layer  diodes,  and  silicon  control  rectifiers, 
spark  gaps,  and  neon  bulbs.  Hie  moot  thorough  analysis  has  been  made  on  the 
zener  diode. 

a.  Zener  Diodes.  At  small  reverse  bias,  the  zener  diode  appears  as  a 
•mail  capacitance  when  it  is  used  as  a  shunt  device.  As  the  reverse  bias  is 
Increased  to  the  zener  voltage,  the  equivalent  capacitance  decreases  and  the 
loss  component  increases,  so  that  the  device  looks  like  a  short  circuit  with 
a  series  resistance  and  Inductance.  Hie  inductive  component  results  primarily 
from  the  physical  dimensions  of  the  package  and  leads.  Such  &  device  is 
excellent  for  limiting  the  transmitted  pulse  amplitude  to  a  low  value.  Hie 
effect  of  the  device  capacitance  ai  norwal  line  operating  conditions  presents 
a  major  problem;  however,  there  are  some  application*  which  could  make  use  of 
zener  diodes  as  protective  devices. 


Hie  frequency  cutoff  of  a  zener  diode  shunting  a  transmission  line  vao 
calculated  and  measured  for  the  case  of  the  UT753A.  Prom  the  Hieory  Section, 


and 


p  (e)  = 


1 

1  +  2  ^ 
z* 


M(s)=  1+  P  (s) 


Assume  a  50  ft  line  and  a  small  reverse  bias  capacitance  of  120  pP  for 
the  1U753A. 


M(s) 


1 


i+  25 


Zj) 


1 _ 

J  u  C 


and 


M(>)  - - — 

1  +  J  (?5)  (2*  )  (120  X  lO’12)  f  (Hz) 

1 

sx - —  --  —  -  -  --  ■ . . 

1  +  J  (0.01884)  f  (MHz) 
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ft>r  3  (LB  loss,  f  -  5}  KOz,.  The  expe  -iment&l  value  was  ’*6  Mil-. 

Hie  equivalent  shunt  capacitance  can  be  reduced  by  UBing  a  smaller  diode, 
but  this  will  reduce  the  power  dissipation  capability  of  the  protective  diode 

For  a  given  Em,  HD  io  the  reciprocal  of  the  elope  of  the  line  drawn  frun 
the  origin  to  the  operating  point  on  the  device  voltage-current,  characteris¬ 
tic  curve ,  l\)r  the  cast.  of  a  diode  shunting  a  transmission  line,  Em  (a 
large  voltage  step)  seas  the  device  resistance,  Rj),  and  the  line  resistance, 
ftQ ,  In  parallel. 

„  M  rD 

HI. - 

*o  +  % 

fdLnce  the  reflection  coefficient  at  dc  is  given  by 

«’•  -  «o 

»’(o)  - - 


we  can  substitute  for  H  and  obtain 


r.(o)  = 


1  t  2  rD 
Ro 


Frau  measurement  of  Ej^  and  Ey,  we  can  calculate  p  (o)  from 

(1  +  P )  Ejjf 


b'rcra  these  calculations,  we  can  obtain  current  and  power  levels  in  the 
device  itself.  f\cr  the  case  In  which  Ixj  =  50  ^  and  relative  dc  conditions 
prevail: 

p(o)  -  "  - K~  =.  .  _ 

1  +  RD  +  25 


M(o)  =  l+c(o) 


"D 

h.'  +  25 


Note  that  if  R.  - 


p(c)  v  .1. 


lower  delivered  to  the  zener  diode  in  then 
l'D  =  EIN  (1  -  (1  ) 

-  (1  -p  ) 

A  more  thorough  analysis  would  have  to  include  the  energy  initially 
stored  in  the  circuit  components. 

Figure  5  chows  the  voltage  transmitted  past  a  zener  diode,  1N3026B,  with 
18  V  zener  voltage.  Pulses  of  160  ,  80,  1+0,  and  20  V  were  applied  and  the 
responses  appear  in  sequence  from  the  left  with  diminishing  rise  times.  The 
larger  the  input  amplitude,  the  more  nearly  the  rise  time  matches  the 
Uprise  time. 


V:  V/cm 

H:  10  ns/ cm 


Applied  pulse  amplitude  (from  the 
left ) :  160  V;  80  V;  40  V;  and  20  V. 

FIG.  Voltage  Transmitted  Past  Zener  Diode  IN  10260 

b.  Four -Layer  Diodes/Silicon  Controll.ed  Rectifiers.  A  four -layer  diode 
shunting  a  transmission  line  acts  like  a  small  capacitor  for  small  signal 
levels  (below  device  turn -on  voltage)  and  like  a  small  resistor-inductor 
series  combination  at  large  signal  levels.  Figure  6  shows  a  sketch  of  a 
typical  input  step  and  the  voltage  developed  across  the  diode. 


Time 


FIG.  6.  Input  and  Transmitted  Signals  for  a  Four-Layer  Diode 


Figure  7  shows  a  photograph  of  the  Ep  carve  developed,  i'or  a  h  kV  input 
pulse.  The  slower  rise  time  and  lower  petik  amplitude  are  a  result  of  the 
device  inductunce  and  the  input  rise  time.  Fo.U.owin  j  the  initial  t>*iauiec.t 
portion  of  Rj-  a  minimum  amplitude  is  reached  for  tl-.e  Jurat* ''t.  of  the  input 
pulse,  £IN*  This  amplitude  is  i eluted  to  the  equivalent  bulk  resistance  of 
the  device. 

A  silicon  controlled  rectifier  is  basically  a  four-layer  diode  with  one 
of  the  base  layers  having  a  contact  which  can  be  controlled  so  that  the  base 
acts  as  a  gild.  This  control  allows  u  wider  variety  of  applications. 


FIG.  7*  Transmitted  Signal  for  a  Four-Layer  Diode  Shunting  a  U  kV  Step 

c.  Spark  Gat>s.  Spark  gap3,  wlieu  properly  applied,  c?m  provide  excellent 
protection  against  EMP  coupled  pulses,  ttmuiacturer ’ s  data  show  the  voltage 
magnitude'  required  to  break  down  the  gap  (striking  voltage)  versus  response 
time  and  initial  rate-  of  volt  age  increase.  For  example,  a  gap  rated  at  23O  V 
as  its  dc  striking  voltage  may  require  us  much  as  1200  V  to  strike  from  a 
ramp  voltage  applied  at  the  rate  of  2C0  V/ns .  limn,  a  spark  gap  with  a 
23O  V  dc  striking  voltage  may  not  adequat  dv  protect  a  circuit  which  can 
survive  ^00  V,  because  1  1200  V  pulse  may'  reach  the  circuit  before  the  gap 
fires. 

Another  problem  with  spark  gaps  may  occur  if  a  second  protective  device, 
such  as  a  ceaer  diode,  or  a  low  impedance  load  is  located  physically  so  close 
to  the  gap  so  that  the  firing  voltage  is  never  readied.  In  such  a  case,  all 
of  the  pulse  energy  goes  to  the  &i'>de  or  to  the  load,  and  damage  may  occur. 
Figure  8  chows  a  line  with  both  a  spark  gup  (Point  A)  and  a  1  on  impedance 
load  (Point  h)  and  the  voltages  present  at  each  point  for  an  input  ramp  and 
dc  voltage,  The  voltage  developed  at  Point  A  is  the  sum  of  E-j^-  at  Point  A, 
plus  Ep  from  Point  B.  Thus,  the  actual  voltage  developed  at  Point  A  may  not 
be  as  large  as  the  striking  voltage,  VQ. 

Id.  general,  if  spark  gaps  are  properly  used  on  transmission  lines,  they 
should  provide  protection  against  Large  pulses.  Fxgure  9  shows  Ep  for  a 
spark  gap  shunting  a  JjOQ  loaded  transmission  line.  Three  values  of  Ejjj 
were  used;  8  kV,  4  kV,  and  2  kv.  The  8  kV  pulse  was  repeated  to  demonstrate 
source  fluctuation.  These  data  demonstrate  the  increasing  value  of  striking 
voltage  os  E increases. 

The  question  of  the  equivalent  resistance  of  a  gap  aider  it  has  fired 
con  be  answered  using  data  from  E t  photographs  plus  information  on  the 
input  pulse.  In  order  to  obtain  the  dc  voltage  level  across  a  gap  after 
firing,  a  Glower  sweep  is  employed,  as  in  Fig.  10.  Referring  back  to 
the  Theory  Section,  we  have  the  following: 
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(Spark  Gap) 


(Low  Z  load) 


FIG.  8.  Spark  Gap  ana  Nearby  Low  Impedance  Load 


V:  1  kv/cm 

H:  10  ni/an 

Input  pulse  (from  the  left) 
8  kV  (2  pulses);  4  kV;  and 

2  kV 

FIG.  9*  Transmitted  Signal  for  Spark  Gap  UBD  550 
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V:  200  v/cm 
R:  20  ns/cm 

Input  pulse:  8  kV 
FIG.  10.  Transmitted  Voltage  for  SJ gaallte  Spark  Gap 


Sj.  -  2^(1  +  P  ) 


=  EJ*  U  +  T-T T-  > 

L  o 


=  ein  ^ 


in  '  z 
l  +  zo 


Assuming  that  the  spark  gap  is  across  a  loaded  line, 

Zo  *0 


2l 


VS 


and 


*T  =  *DI 


1  + 


'■o 


Zp  zD 
Z0  + 


-  E 


IN 


1  + 


Zd 


For  Zo  =  50  n  , 


EVp 

ein 


1  + 
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h> 


Solving  for  ZD: 


1 


For  this  example,  E^,  =  8  kV  and  from  Fig.  10  Bp  =  80  V.  Therefore, 

Zd  =  25  i  mrrx 

j_“5o“  _ 

=  0.25  n 

d.  Spark  Gap  (Spc-elal  Sc  rev  Type).  A  special  spark  gap  weuj  made  by 
topping  a  hole  in  a  General  Radio  insertion  unit  and  inserting  a  pointed 
screw  which  formed  a  narrow  gap  with  the  center  conductor.  Utader  normal 
signal  level  operation,  this  gap  appears  as  a  very  small  capacitor  and  haa 
negligible  effect  on  the  circuit.  Application  of  a  high  voltage  prulse 
sufficient  to  fire  the  gap  causes  it  to  shunt  the  line.  Figure  11  shows  Bp 
for  several  8  kV  E-^  pulses.  This  gap  substantially  reduces  large  voltage 
input  pulsec,  but  it  appears  somewhat  incons4 stent.  The  fall  time  of  this 
pulse  is  extremely  short  and  may  be  an  important  feature. 


V:  500  v/cm 
H:  10  ns/cm 


Input  pulses:  8  kV 


FIG.  11.  Transmitted  Signal  for  Special  Screw  Type  Spark  Gap. 

e.  Neon  Bulbs.  Neon  bulbs  are  similar  in  operation  to  spark  gaps  but 
have  lower  dc  striking  voltages,  Jlovever,  surge  striking  voltages  approach 
similar  values  as  those  of  low  voltage  spark  gaps.  The  advantage  of  the 
neon  bulb  is  its  very  low  cost  end  ready  availability.  Figure  12  showB  the 
voltage  transmitted  past  a  90  V  neon  bulb  with  input  pulses  o*  8  kV,  4  kV, 
and  2  KV. 


V:  2  kv/cm 

H:  10  ns/cm 

Input  pulses  (from  the  left):  8kV, 
4  kV,  and  2  kV. 


FIG.  1?.  Voltage  Transmitted  J^ast  90  V  Neon  Bulb. 


5.  CwrtCLUSIOWS 


a.  Measurement  Technique .  The  technique  described  allows  simple  msaaure- 
nenta  to  be  performed  on  military  equipment  and  systems  both  before  ai*d  after 
inclusion  of  protection  devices.  These  data  can  be  interpreted  to  determine 
the  system  vulnerability  to  transient  effects,  such  as  BMP  induced  signals  in 
interconnecting  cables.  *010  test  set-up  places  the  protection  device  and 
the  protected  circuitry  In  the  normal  operating  configuration.  The  applied 
waveform  and  its  reflection  are  connected  at  a  convenient  location  in  the 
system  and  minor  parametric  variations  can  be  displayed  using  sampling 
techniques  and  a  storage  oscilloscope.  The  test  system  utilizes  external 
calibration  standards,  thereby  eliminating  the  need  for  extensive  internal 
set-up  procedures.  The  speed  and  ease  of  operation  make  this  a  test 
requiring  minimal  technical  background.  With  the  exception  of  the  high 
frequency  oscIHocccpe .  all  components  of  the  test  system  are  readily 
available  or  easily  evaa  true  ted.  Qy  using  a  reduced  voltage  pulse,  the 
T  jrasal  operation  equivalent  parameters  of  a  protection  device  con  be 
determined  In  the  6a.ee  test  set-up. 

'Hie  technique  ve  have  developed  and  polished  over  the  past  two  years  is 
simple,  easily  used  by  anyone  who  can  operate  an  oscilloscope,  and  because 
all  raeamirements  .vi  made  in  the  same  set-up  which  is  the  actual-  operating 
confl gurutlon,  errors  are  minimized  and  confidence  enhanced . 

i. .  I'mt-'  -i  ‘o  dear v----.erlST.lea  .  Spark  gape  and  four-layer  diode  6 

exhibited  a ‘ml  l/«r  pro  port  !*.•»  .-a;  oh  a?  u  maximum  breakdown  voltage  of  1W0  V 
with  on  input  put,,/*  or  1  kV  amplitude.  The  transmitted  pulse  wb.b  approxi¬ 
mately  >'»  ns  wide,  after  which  the  voltage  across  the  aevice  dropped  to  a 
low  level ,  determined  by  the  bulk  resistance  of  the  device  for  the  duration 
of  the  input  pulse.  Under  normal  circuit  operation,  these  devices  intro¬ 
duced  practically  no  insertion  Iosg. 

Ou  the  other  hand,  zener  diodes  operated  at  &  much  lower  voltage  pro¬ 
tection  level,  but  shoved  large  insertion  loss  under  normal  operating 
conditions.  In  some  applications,  thic  could  limit  their  usefulness  as 
protection  devices. 

We  intend  to  broaden  the  investigation  to  include  otl-r  types  of  devices 
with  pot/.-ntlol  pj-otectiou  capability  oad  to  Identify  new  approaches  to  B>u 
protection  involving  circuits  and  materials.  The  short  range  goal  of  this 
program  la  to  provide  protection  milts  for  field  equipment  and  equitofut  in 
engineering  development .  The  longer  range  goal  is  t-o  d  eve  lop  materials, 
devices,  und/or  circuits  which  can  be  designed  into  new  equipments  for  the 
futu  ne . 
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APPENDIX  I.  LIST  OF  SOURCES  AND  TRANSFORKS 


Wl>- 


5»  Capacitor  Shunting  Line 


Resistor  and  Capacitor  In  Series  Shunting  Line 


APPENDIX  IH.  Signal  Trane  f  one  by  Linear 
Approximation  and  Derivatives 

Given  &  signal  wave  fora 


Approximate  the  signal  by  piece  vise  linear  function. 
Take  derivative  of  piece  vise  signal 


w;  «j 


SpaciaJ.  example  Ho.  1 


First 


djeriratlre: 


Second  derivative: 


«+lw 


Special  exanple  No .  2,  involving  a  doublet.  Given: 


Pi  ret  derivative: 


Second  derivative: 

DOUBLET 


f  (t)  -  A  «'(t)  ♦  -J=A__«(t) 


«(t-T.)  -B«  *(t) 


"P(e)  »  As  +  (1L".A„)  -  •  "Tl-  Bee  *T1 


F(e) 


_A_ 

8 


*  -L  (2-gJL.)  .  (  1  )  (S^JL;  t*“Ti  -  JL  e"Tl 

a2  a2  T,  a 


Qy  Uflina.  the  above  procedure,  neat  function*  can  be  quickly  and  simply 
approx  iaated. 
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AFFMPU  IV.  Equation  Elution  by  Oonvolution 


9m  rcuos  for  the  inclusion  of  tbe  convolution  techniques  le  to  provide 
•  method  to  solve  cases  where  the  pulse  rise  time  le  not  a  simple  expression 
(such  as  the  linear  or  exponential  cases)  because  of  cable  losses  and 
frequency  variations.  A  graphical  technique  is  then  more  adaptable  to 
machine  analysis. 

Equation  solution  by  convolution  (for  Input  voltages  not  analytically 
expressable ) :  In  order  to  provide  a  better  understanding  of  rise  tine  effects, 
the  same  results  can  be  obtained  by  graphic  convolution. 

•1  4*0 

oC  *  °(*)|  *  ▼  (*)  *  h  C1)  =  I  h  (t-  * )  d  1 

<: 

where  h  (t-  x )  is  the  time  shifted  Impulse  response  of  the  network.  Also, 


JL 


-l 


*(s) 


E^Ct) 


*  J  h  (t)  dt 


h(t)  Is  the  aetvork  impulse  response. 


The  equations  show  that  the  output  t.Jjw*  function  can  be  obtained  by  con¬ 
volving  the  input  time  function  with  the  network  Impulse  response.  In 
addition,  the  latter  equation  provides  tbe  same  information  by  convolving  the 
derivative  of  the  input  time  function  with  the  step  response  of  the  network. 

An  example  of  an  inductor  shunting  a  50-;  transmission  line  follows: 


f(«) 


where  T  - 


_L 

25 


reflected  impulse  response 

h  ■  -  v  •  i]  *"  *  “ (t) 


*3enoteo  convolution 


Subscripts  6  _J~  specify-  input  as  the  impulse  function  or  step 

function,  respectively. 
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Qie  sene  result  may  be  obtained  by  convolving  the  impulse  function  (tine 
derivative  of  step  function)  (a)  with  the  step  response  of  the  netvova  (b). 


If  the  rise  tine  of  the  source  and  detector  Is  fast  compared  to  the  net¬ 
work  tine  constant,  the  source  c«n  be  represented  with  a  step  for  a  pulse  rise 
and  the  output  is 


If  the  rlsetlne  of  the  pulse  Is  slow,  then  using  an  Ideal  rasp  plus  dc 
on  the  inpulse  response  or  a  pulse  on  the  step  response  the  outjwt  Is 


* 


Vote  that  the  waiisii  of  the  convolution  Integral  occurs 

Vt}  ■  j  — 


lp  1 

-  —  t 

e  i  d  t 


T  3  -gij  «  Tlw?  constant  of  response 


<’  T(t)n»p> 


VT  (t) 


max 

-i  T 


(— — )  (-T)  e"  T 
r  1 


(-£->  (-  T) 

T 


T  ‘  1  .  i 


1  -  -  r 

1  \«  T  1 


(_i_)  (  -  T)  /  (-i-)e 

1  1 


ti.  T 


(T) 


1  -  e  T  1 


3  3 


The  above  la  generalized  to  the  c«u . 

E  }  '  Maximal  slope 


Appendix  V.  Sxsmple  of  Measurement#  and  Calculations 


Oils  Appendix  shove  impedance  calculations  made  from  actual  reflection  aad 
transmission  memsuraaeats .  He  purpose  Is  to  summarise  the  .procedure*  aad  to 
show  limitation*. 

1.  Figure  V-l  shows  the  reflection  Measuring  circuit  (a),  the  storage 
oscilloscope  display  (b),  and  trace  identification  guide  (c)  for  the  first 
set  of  maasurtnats. 

For  the  open  circuit  case,  except  for  line  losses, 

&L  -  2  o  ^  i 

h,  4  z  o 

the  short  circuit  case, 


o 


Ej^  —  p  aad 


so  that 


J5^  ~  Bjjj  .  Similarly,  for 


Zl  -  Zo 


n  *7 


«  -l 


and  ®r  “  "  Knr 


For  the  re  n  is  tire  shunt  (case  3  In  Flgt  V-l),  usiag  an  11  n 

and  at  some  point  on  the  stable,  relatively 

flat  portion  of  the  uurres,  ve  obtain 


resistor,  and  rea/ting  1L 


»  -  A-  -380  .T  .  «o.667 

Ejj}  hco  aV 

but 

p  a  g-.1.2L  »  -0.667 

R  +  50 

and  solving  for  R,  R  *  10  n  .  His  is  within  lOjl. 

For  the  resistive  plus  inductive  series  shunt  (case  2  of  Fig.  V-l), 
using  an  11  u  resistor  and  a  0.22  y  H  inductor,  measure  fcho  time  constant 
as  follows: 

Pick  a  point  on  the  decay  curve  where 
the  curve  has  smoothed  out  (a)  wnd 
measure  the  time  increment  fro®  that 
point  to  a  point  (B)  which  is  of 
the  amplitude  at  point  (a).  He  time 
constant  is  then  . 


Froa  Fig*  V-l,  the  tine  eonstant  of  curre  2  is  approximately 
•o  that  L  ■  ii-gi-  X  (50  n  +  10  ft  )  -  0.34  yH. 


4  aa 

O.S9' 


This  value  is  about  50$  high,  but  the  accuracy  of  this  technique  is  greatest 
when  the  time  constant  is  such  greater  than  the  pulse  rise  tine,  m  this 
example,  xhe  pulse  rise  tine  is  approximately  3  M  which  is  close  to  the 

,  O.69  *  • 

observed  circuit  tine  constant  of  4  M .  •  ------ 

;  0.69  C  ■ 1  ^  - 
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2.  Figure  V-2  shears  the  transmission  measuring  circuit  (a) ,  the  storage 
oscilloscope  display  (b),  sad  trace  Identification  guide  for  this  set  of 

maaurenests. 

2u  the  open  circuit  case  (curve  1  In  Fig.  V-2), 

■  (1  *  0  >  *i*  -  2  *n 

-  600  »Y 

Therefore ,  for  comparison  purposes,  «  300  nV.  (The  attenuation  facto  re 
would,  hare  to  be  considered  for  absolute  values  of  hM  •> 


Us  the  resist  Ire  shunt  case  (curve  3  of  Fig.  V-2), 
-  (1  +  P  )  Bjj, 


R  - 


*  +  Zto 


anl 


Kr 


‘a 


-  i  + 


»  -  ^ 
R  ♦  ^ 


3ubstltutlng  valued, 


110  nV 
300  UV 


l  «•  -B.J1-S0» 


Is 


Is 


R  +  50n 

Sowing  for  R,  R  -  11.2  u  ,  with  la  2%. 

Ftor  the  0.22  pH  Inductor  (curve  4  In  Fig.  V-2),  the  tine  constant 

^Ojj.  ,  «i‘-  Mji.  .  50  a  .  0.22  ii  H. 

0.69  0.69 

For  an  0.11  pH  Inductor  (curve  5  in  Fig.  V-2),  the  tine  constant 


“*  L  "  bA*P  .  50  a  -0.12 pH. 

0.6#  0.59 

OoedblAlng  the  0.22  u  H  inductor  and  11 n  resistor  In  series  shunt 
(curve  8  of  Fig.  V-2),  the  tine  constant  is  M  ,  and  again 

L  -  0.22  u  H  and  R  »  11.2  f).  0^9 


1  Open  circuit 

2  11  n  +  0.22  uH  m*m> 
Series  Shunt 

3  11«  Shunt  — — 

4  0.22  yH  Shunt  • 

5  0.11  wH  Shunt 


Fig.  V-2  (c) 


Fig.  V-2.  Transmission  Measurement 8  on  Resjs  tire  and  "toductiTe  Shunts 
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3.  Figure  V-3  sbovs  the  transnissioc  neasurlng  circuit  (a),  the  etc  rage 
oscilloscope  display  (to),  sad  trace  identifi cat ioa  guide  (c)  for  this  set  of 
nessureswati. 

la  the  open  circuit  case  (curre  1  la  Fig*  V-3), 

*j,  -  2  -  600  nV. 

For  a  100  pF  shunt,  the  tlae  constant  Is  ^.6  as  and  RC  **  ^  g  - 

0.69  otfe" 

Therefcre,  C  *  *  -|r  *  104  pF. 

o.b9  50n 

Sini  laxly,  for  a  <*7  pF  shunt,  the  tine  constant  is  , JLi^fis .  ^ 

C  MS  pF. 


Bowever,  Is  the  10  pF  ease,  we  again  here  the  situation  where  the 
circuit  tine  constant  Is  not  long  compared  to  the  false  rise  tins-  Therefor®, 
the  calculated  value  of  c  is  greatly  la  error. 


Q  1--  ^  0 -S  ps  1 

O.09  50n 


—  23  PF. 


to 


4.  Figure  V-4  ikara  the  reflection  Manuring  circuit  (a),  the  etorege 
oscilloscope  display  (b),  sad  trace  identification  guide  (e)  for  this  eet  of 

nsasuzunanta. 


"•Or  the  100  pi  stand  {earn  3  In  Fig.  v-4),  the  tine  constant  is 

^57#  •  —  «  •  **  *• 

For  the  47  pF  shunt,  the  tlue  constant  is  1.8  ns ,  sad  C  -  52  pF. 

0.69 

Fhr  the  10  pF  shunt,  the  tine  constant  is  /~ 0 . 6  na  ,  and  C  ™  17  pF. 

6.^9 

As  vas  indicated  in  paragraph  3  shore  for  the  10  pF  case,  the  tine  constant 
is  not  sufficiently  greater  than  the  pulse  rise  tine  to  sake  the  calculation 
▼olid. 
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Fig.  V-4  (a) 


Fig.  V-4  (b) 


Teat  Fixture 


1  IX)  pF  aunt  mm 

2  47  pF  Shunt  mini 

3  100  pF  aunt 


Fig.  V-4  (c) 


Fig.  V-4.  Reflection  Measurements  of  Capacitive  Shunts  (Unloaded  Line) 
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5-  Figure  V-5  shows  the  reflection  measuring  circuit  (s),  the  storage 
oscillescope  display  (b),  and  trace  identification  guide  (c)  for  this  set  of 

neaearsients 

For  the  100  pF  case  (carve  3  In  Fig.  V-5),  the  tine  constant  is 

ii£ns  cad  c  .  LJLBS  .  — L_  .  104  pF. 

OZT  0.69 

2 

For  the  47  pF  case,  the  tine  constant  is  1.2  ni  and  C  *  70  pF. 

0.&9 

For  the  10  pF  ease,  the  tine  constaat  Is  ^  0.4  na  and  C  23  p?. 

"o^T 

The  lading  0f  the  line  makes  RC,  the  tine  constant,  ns&ller  and  now, 
even  the  U7  pF  case  is  in  error  as  veil  as  the  10  pF  case. 


As  can  be  seen  frost  the  previous  exaapl.es ,  there  are  two  basic  limitatioas  to 
measurements  of  thi«  type.  First,  the  pulse  rise  tine  mat  be  significantly 
less  than  the  impedance  tine  constant.  Second,  pulse  distortions  can  make  it 
difficult  to  read  values  fron  the  photographs.  A  particular  distortion  Is  the 
aissr  cecillstion  introduced  by  trar.wri ttlng  the  signals  over  long  cahL&». 

Home  of  these  Uniting  difficulties  can  be  avoided  by  using  the  component 
substitution  method  discussed  previously  in  the  text. 


Pig.  V-5  (a) 


Pig.  V-5  0>) 


Tart  Fixture 

1  10  pF  Shunt 

2  47  pF  Shunt  mm 

3  100  pF  Shunt  rjr. 


Fig.  V-5.  Reflection  Measurements  of  Capacitive  Stounte  (Loaded  Line) 


Reproduced  from 
bcsl  available  copy. 
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